Abstract: Surfaces weathering of rocks in which mineral materials may be similar to or quite different from the minerals in the underlying parent rock completely control the reflectance spectra of the terrain. Our study of typical weathered and fresh rock samples from the Xiemisitai metallogenic belt, Western Junggar region, Xinjiang, found that weathering results in the formation of new materials that cause differences in the spectral features of fresh and weathered rock surfaces. Alterations induce variations in spectrum brightness, presence and intensity of characteristic absorption features, and spectral slope. Spectral differences between weathered and fresh rock surfaces are small for rhyolite, granite, and tuffaceous sandstone, but large for andesite, basalt, and diorite. Spectral changes in the 350-1000 nm wavelength region are attributed to alteration of iron oxides by atmospheric processes or secondary alteration of iron-rich minerals. Spectral features between 1000-2500 nm are caused by O-H vibrations, with features at 2200-2500 nm solely attributed to hydroxyl groups. The strongest Al-OH bands appear near 2200 nm, while Mg-OH bands are found near 2300 nm and 2350 nm. Results from this study can be used to better characterize and discriminate lithological units and potential mineral zones using hyperspectral and multispectral remote sensing techniques.
Introduction
The ability to produce lithological maps for mineral exploration is one of the most useful contributions of hyperspectral imaging to the field of geology [1] . In arid and semi-arid environments, where vegetation cover is sparse and rock surfaces are exposed, ground-based geologic mapping is time-consuming, expensive, difficult, and even dangerous. In contrast, geologic mapping by remote sensing is economical, practical, and extensively used. Spectral properties of rocks mainly depend on their mineralogical composition, which produces characteristic absorption features in different wavelength regions [2] . Hence, absorption spectra datasets provide vital information about the diagnostic spectral features of lithological units and mineral assemblages [3] .
Spectroscopic in situ and laboratory measurements are important components of any multispectral or hyperspectral remote sensing analysis [4, 5] . There are several important spectral library projects that have been established recently in this area of research such as the U.S. Geological Survey (USGS) spectral library [6] , the Arizona State University (ASU), Thermal Emission Spectral Library [7] , the ASTER spectral library [8] , Specchio [4] , the DLR spectral archive [9] , and the globally distributed soil spectral library ICRAF-ISRIC (World Agroforestry CentreInternational Soil Reference and Information Centre) [10] . These spectral libraries provide a large amount of standard spectral data and remote sensing image extraction of spectral endmembers. However, with hyperspectral remote sensing becoming more accurate, quantifiable, and readily available, the possibility of increasingly false identifications using standard spectral data from spectral libraries arises. Several reasons can be attributed to this high rate of false identifications: (1) many of these libraries contain laboratory measurements that use standardized Mineral Resources and Digital Geology, Urumqi, Xinjiang 830011, China acquisition procedures and well determined standards based on pure materials, but such pure materials are rare in natural settings; (2) most rock samples are analyzed using powders of varying particle size, and the mixture of these powders can mask diagnostic spectral features of rocks of interest and hamper their identification; and (3) most importantly, the weathering process produces mineral coatings that may cover the original parent rock surface, which means that the spectral signatures are derived from weathered surfaces [11] [12] [13] . Therefore, standard spectral data of rocks are convenient, but are less useful for practical applications and accurate mineral mapping.
The majority of rocks exposed on the Earth's surface are affected by weathering to some extent, depending on several factors including climatic zone, surface dynamics, and biological activity [14] [15] [16] . Even on Mars, weathering rinds and coatings on rocky and sandy surface materials have developed over time, and are attributed to mineralogical and textural characteristics, duration of surface exposure, availability of water, or exposure to acidic volatiles [2, 17] .
The two different types of rock coatings include biogenic (e.g., lichens, which consist mostly of mosses and cyanobacteria and form in humid environments [18, 19] ) and non-biogenic (e.g., desert varnish) coatings. Desert varnish is a mixed layer of illite clays and nanocrystalline iron and manganese oxides, which partially cover rock surfaces in arid and semi-arid environments [20] [21] [22] . Such rock coatings are usually only microns to millimeters in thickness, but they completely control the spectral signatures of the rock surfaces. Spectraldata from such surfaces must be used with caution due to possible misinterpretation of the rock's mineralogical composition and lithological identification. However, identification and discrimination of these surface materials are of crucial importance for geological studies that use remote sensing to explore the mineralogical composition of the parent rocks [13] .
In arid and semi-arid environments, weathering processes alter the shape, overall reflectance (brightness), and presence of certain characteristic absorption features of different rock types. Thus, it is necessary to study spectral differences between exposed and fresh surfaces in the field. However, to date there is very little literature that thoroughly describes the spectral characteristics of weathered and fresh rock surfaces in arid and semi-arid environments. The correlation of remotely sensed imagery to actual surface geology requires solid knowledge of the surficial characteristics of exposed rock outcrops. However, it is not always possible to find fresh surfaces in the field. One must differentiate upper surface spectra (and lower surface spectra) from the spectra of a rock's interior [23, 24] .
To correctly assess and interpret spectral data of rock surfaces, a better understanding of the changes occurring in the spectra of weathered and fresh rock is needed. Although several remote-sensing-related studies, including in situ spectral measurements in arid regions have been published [25] [26] [27] [28] , none of those studies focused on the description of the spectral properties of surface materials in the Xinjiang region, China. Therefore, the primary aim of this paper is to report the spectral characteristics of the lithological units in West Junggar, Xinjiang, and to explore the spectral features of the most common minerals associated with weathered and fresh rocks at wavelengths from 350 nm to 2500 nm. We have selected this spectral range because of its use in many current airborne hyperspectral remote-sensing systems.
Data and Experimental Approach

Geological Setting
The West Junggar region of Xinjiang, located between Altay Shan and Tianshan, extends westward to the JunggarBalkhash system adjacent to Kazakhstan, and eastward to the Junggar Basin in China (Figure 1a ) [29] . The West Junggar tectonic unit consists of several terranes such as island arcs and accretionary complexes, including, from north to south, the Zharma-Saur arc, the Tarbagatay accretionary complex, the Chingiz arc, and the West Junggar accretionary complex (Figure 1b) [30, 31] .
Xiemisitai Mountain, which belongs to the Chingiz arc, is one of several E-W-striking mountains in the northern part of West Junggar, and is bounded by two major faults, the northern Hong Gullah fault and the southern Xiemisitai fault [29] . In this region, Silurian island-arcrelated felsic volcanic lavas and tuff, as well as granitic intrusions are widespread, and several newly discovered mineral deposits in the region are related to this magmatic event (Figure 1c) . The Xiemisitai copper deposit is a volcanic-related porphyry copper deposit controlled by a caldera fracture system, which is superimposed on E-Wstriking regional faults [28, 32] .
Sample Analyses
Two surfaces of all lithological units were analyzed: a fresh surface obtained by sectioning the sample, and a weathered surface sampled in the field. Fresh surface analyses were conducted on rock fragments with little or no vis- ible signs of surface alteration. The same samples were also used for thin section analyses and subsequent petrographic description. Weathered surfaces were analyzed as exposed in the field or on weathered parts of rock hand samples. Mineral assemblages of selected samples were confirmed by microscopic study, portable near-infrared mineral analyzer (BJKF-II) and X-ray fluorescence (XRF). For fresh sample surfaces, mineral composition was determined using plane-polarized and cross-polarized transmitted light and reflected light petrography with a Carl Zeiss Axio Scope A1 microscope. Maximum and minimum magnification were 50x × 10x and 2.5x × 10x, respectively. Mineral composition of the weathered surfaces was determined by BJKF-II portable near-infrared mineral analyzer (Nanjing Instrument Co., Ltd., China). BJKF-II is a portable instrument specially designed for field mineral exploration. The instrument adopts diffuse reflectance spectroscopy, scanning by grating spectrophotometer, integrating sphere detection, and microcomputer for spectral data processing to guide field mineral exploration [33] . Spectral data were acquired with a spectroradiometer (FieldSpec 4 Hi-Res, ASD, USA). The band extent varied from 350 nm to 2500 nm, and the spectral resolution was 3 nm and 8 nm at band ranges of 350-1000 nm and 1000-2500 nm, respectively. Samples were collected from the West Junggar and were measured at the laboratory in Urumqi. Spectral measurements were made using a fiber optic (FOV 25 ∘ ) along the direction normal to the surface at a distance of 1 cm, which results in an approximately circular footprint of 0.45 cm on the sample surface. A 100-W Reflecta halogen lamp mounted at an angle of 45 ∘ was used as an illumination source. The reflectance spectrum was obtained by calculating the ratio of the radiance of the sample to the radiance of a 99% reflective white ref-
erence panel (Spectralon, Labsphere, North Sutton, NH, USA) under the same illumination and viewing conditions. The spectrum recorded for each surface location is based on an average of 10 scans [5, 19] . Qualitative mineralogical analysis of rock surfaces was carried out using a hand-held XRF device Thermo Scientific NITON XL3t950, XRF, USA). Simultaneous analyses of up to 25 elements in the analytical range between sulphur (atomic number 16) and uranium (atomic number 92), as well as of light elements (Mg, Al, Si, P, S and Cl) were carried out. All analyses were performed in bulk mode ("mining mode"). Measement time was 120 seconds, using four different energy settings: light (Mg, Al, Si, P, S, Cl), low (Ca, K, Sc, Ti), main (K-lines from V to Ag and Llines from Au to Pb), and high (Ag to Au). Analytical conditions included a maximum excitation source beam current of 80 µA, acceleration voltage of 45 kV, and a beam diameter of 10 mm. The XRF is factory "calibrated" with a Fundamental Parameter algorithm-based program. As this software is propriety software of the Niton company, it is not possible to discern how it compensates for variable sample thicknesses, irregular-shaped surfaces or other matrix and geometric effects. In addition to the analyzed elements, the XRF software also estimates the non-measurable part of each spectrum, named "balance" ("Bal"). The balance is composed of the oxide portion of the compounds, organic matter, and -if present -carbonate and water.
Description of Sampled Materials
We paid close attention to the distribution of the samples (Table 1 and Figure 2 ), making sure that most of the lithological units, their weathering rinds, and rock coatings would be included. Some of the major lithological units were not considered due to difficulties in obtaining representative fresh and weathered rock samples. These limitations are due to the friable nature of sediments such as marls and conglomerates belonging to the Quaternary. The macroscopic description of mineral composition and the type of metamorphic and/or hydrothermal alteration (if present) of the lithological units selected for this study is given below.
Eighty rock samples were collected from bedrock outcrops. Six representative samples from the dominant lithological units in the study area include rhyolite, andesite, granite, tuffaceous sandstone, basalt and diorite. A summary of the sampled lithological units with their respective petrographic description is given in Table 1 .
Rhyolite is a felsic volcanic rock, which is brick-red in the Xiemisitai area. It contains 70-80% quartz phenocrysts, 5-10% plagioclase, 10-25% glass, and is characterized by a porphyritic texture (Table 1 and Figure 1a , 1b). Feldspar and volcanic glass show signs of sericitization.
Andesite is an intermediate extrusive rock, often showing porphyritic texture. It is composed of phenocrysts (~20%), many of which contain biotite (~50%), hornblende (~20%), plagioclase (~30%), and glass (~80%) (Table 1, Figure 1c and 1d). Magnetite occurs along the borders of the phenocrysts and is altered slightly in the remainder of the samples.
The weathered surfaces of granite are largely pinkbrown in color, with visible minerals beneath the surface. Under the microscope, the major mineral composition of the granite samples is identified as quartz (~40%), plagioclase (~20%), potassium feldspar (~30%), and biotite (~10%) with a distinct foliated fabric (Table 1, Figure 1e and 1f). The feldspar minerals show signs of sericitization and alteration to clay minerals, while biotites are characterized by chloritization.
Tuffaceous sandstone samples are medium -grainedpoorly sorted, and are dominated by sub angular grains of feldspar (~10%), quartz (~10%), and a matrix (~80%) of volcanic glass. The tuffaceous sandstone in the Xiemisitai area is black, and can be categorized as lithic arkose tuff with cements consisting of tuffaceous material (Table 1 , Figure 1g and 1h). The tuffaceous sandstone is strongly weathered, and most of the surface is covered with a layer of loess.
Basalt in the area is extremely fine-grained (<100 µm) and exhibits a uniform gray color on fresh surfaces. The basalt samples are composed of plagioclase (20-30%) and matrix (70-80%) (Table 1, Figure 1i and 1j). Minor fractures are partially filled with quartz with some minor rust staining on the edges. Weathered surfaces are characterized by a mixture of shades of gray or brown with a mesh of fine veins of quartz and calcite. Visible alteration of the interior of samples is limited.
Diorite is an intrusive igneous rock, mainly composed of quartz phenocrysts (20%), plagioclase (60-65%), and melanocratic minerals (15-20%). The diorite samples are grey to dark-grey in color with a greenish cast, but black or bluish-grey varieties also occur in the Xiemisitai area (Table 1, Figure 1k and 1l). The melanocratic minerals are altered into magnetite and chlorite.
All rock samples were analyzed for 25 elements (i.e., Ag, Al, Ba, Ca, Cd, Cr, Cs, Cu, Fe, K, Mg, Mn, Ni, Rb, S, Sb, Si, Sn, Sr, Te, Ti, V, Zn, Zr, and Bal) by XRF analysis (Table 2). The XRF analysis of weathered and fresh rock surfaces show that Si is the dominant element (>100000 ppm) followed by Al > Ca > Fe > K > Mg (>10,000 ppm). Elements with concentrations > 100 ppm are Mn > Ba > Sr > Te > Zr > Cs > V > Cu > Ni (>100 ppm). In general, element concentrations of weathered surfaces are similar to those of fresh surfaces.
Results
The mean relative reflectance (hereafter referred to as "reflectance") of all measured weathered and fresh surface spectral curves are displayed in Figs. 3-8a. For each sample, spectra of fresh and weathered surfaces, as well as the spectrum corresponding to the difference between them are plotted jointly. This spectral difference permits the detection of changes related to the slope and brightness in the spectra. Moreover, as a complementary tool, the continuum removal technique was used for detecting subtle differences among the spectra [34, 35] . Continuum removal is commonly normalized in the range of spectral reflectance from 0 to 1, which is used in spectroscopy for enhancement of the intensity of the characteristic peaks and absorption features [34, 36] . Therefore, we used continuum removal to normalize the spectral data by reducing the variation in individual spectra (Figures 3-8b) , with the goal of overcoming differing backgrounds and interference from spectrally overlapping minerals.
Spectral Features of Rhyolite
The weathered surfaces of all rhyolitic lithologies show an overall increase in reflectance and a steep profile of the reflectance curve (Figure 3a) . The diagnostic absorption features of the weathered surfaces show similar spectral (Figure 3a ). This absorption is attributed to the effect of ferrous iron and electronic transitions in discrete ions in crystal field absorption (CFA) [37, 38] . Weak absorption is visible at 480 nm, 1900 nm, and 2200 nm. Absorption by Fe ions at 480 nm produce a broad and strong peak in the absorption spectrum. The difference between fresh and weathered surfaces is the result of a weak absorption of Fe ions at 870 nm on the fresh surface. A maximum in absorption at about 1900 nm is probably due to absorption by water. Weak absorption is observable at 2200 nm, which could be caused by sericitization of plagioclase, most likely related to the presence of hydroxyl groups such as Mg-OH. The differences between fresh and weathered surfaces are primarily related to spectra brightness, and are not affected by the intensity of the absorption features. In fact, the continuum-removed spectral curves have similar characteristics. However, there is an exception in the visible region, where the fresh surfaces show a more pronounced slope indicating differences in iron oxide content between the two surfaces ( Figure 3b ). According to XRF analysis, the Fe contents of the weathered and fresh surfaces are 13460.43±202.85 ppm and 10699.34±180.42 ppm, respectively. It is observed that the Fe content of the weathered surfaces is 1.26 times higher than that of the fresh surface.
Spectral Features of Andesite
The andesite spectral reflectance curves exhibit significant differences in spectra brightness (the whole reflectance value is much lower than other rocks) as well as in the intensity of the absorption features between fresh and weathered surfaces. It can be observed that the weathered surface reflectivity is greater than the fresh surface reflectivity from 350 nm to 1400 nm. In contrast, the reflectivity of the fresh surfaces is larger than that of the weathered surfaces (Figure 4a ). The envelope diagram shows that the surface spectral absorption and change of relative reflectance values varies significantly between weathered and fresh surfaces between 350 nm and 2500 nm (Figure 4b) .
In the visible light bands, the significant absorption spectrum of the fresh surfaces exhibits an absorption edge at 530 nm, a weak absorption valley near 645 nm, and a well-defined band centered near 880 nm. The wavelength position of the chief ferric iron absorption band (near 880 nm) and the shape of the absorption edge and shoulder at 530 nm and 645 nm are most consistent with lepidocrocite and goethite [39] [40] [41] .
In the short-wave infrared bands, there is a broad absorption shoulder from 1000 nm to 1950 nm with two strong absorption valleys around 1450 nm and 1940 nm. The absorption bands found near 2210 nm, 2350 nm, and 2450 nm are combinations of a ligand-OH bend and an OH stretch. Usually only two of these three bands appear. The bands appear near 2200 nm and 2300 nm when the aluminum is the bonding ligand (e.g., in dioctahedral clays). Meanwhile, Mg-OH molecules (e.g., in trioctahedral clays) give rise to absorption bands near 2300 nm and 2400 nm [42] . Figure 5a shows no significant difference in spectral absorption features between weathered and fresh granite surfaces other than the slightly varying intensity of the absorption features. The spectrally characterized exterior surface was covered with a veneer of pink-brown oxidation products through which the underlying mineralogy was visible. The fresh surface appeared to be free of any alteration and the constituent minerals were readily apparent.
Spectral Features of Granite
The granite sample differs from the others by a lower abundance of iron-bearing minerals. According to XRF analysis, the Fe content of the weathered and fresh surfaces is 34060.01±433.02 ppm and 37310.42±467.42 ppm, respectively. This is also revealed in the absence of detectable ferric iron absorption features in the spectrum of the weathered surface ( Figure 5 ). The broad reflectance decline towards shorter wavelengths in the exterior spectrum is probably attributable to a series of charge transfers involving in a number of atomic species [42] . The inflection at 590 nm may be due to a very small amount of ferric iron, which might have derived from weathering of the biotite. While quartz is spectrally featureless, feldspar often shows a broad and weak absorption band near 1250 nm which is not evident in the weathered surfaces sample spectrum [43] . Asymmetric hydroxyl absorptions are present around at 1400 nm and 1900 nm in both spectra. Their shape is due to multiple hydrated mineral species at a range of 2205 nm, 2350 nm, and 2450 nm. 
Spectral Features of Tuffaceous Sandstone
The overall shape of the reflectance curves indicates that spectral differences for this rock type were found only in the intensity of the absorption features, which are more pronounced in the weathered spectrum than in the fresh one. This could be attributed to a higher content of the iron oxides (as a result of the weathering process) and/or hydrates on the weathered surfaces (hematite or goethite) ( Figure 6 ). The absorption spectra of iron ions at 460 nm are in the wavelength range of visible light near the infrared region (Figure 6b ). Water molecules and ferric iron together result in the formation of a new compound visible from 680 nm to 1300 nm, which is the possible reason for the slight right shift of the absorption valley. Spectral bandwidth is narrow and strong at 1400-1900 nm near a strong absorption. However, as a result of the effect of water, the two spectral bands do not have significance for mineral recognition. In the 2000-2500 nm region, the reflectance change is lower and the two spectra tend to be similar to each other. Nevertheless, the short-wave bands at 2200 nm and 2350 nm have different spectral absorption characteristics, caused by hydroxyl, CO 2− 3 , and composite spectra among which the carbonate ion absorption bands are relatively stronger [6, 44] . Meanwhile, the strong absorption at 2350 nm in CO 2− 3 is due to a higher content of sheet silicates on the fresh rock surfaces [16, 42] .
Spectral Features of Basalt
The reflectance spectrum of weathered basalt surfaces is characterized by ferric iron absorption bands visible as an abrupt rise in reflectance near 530 nm, and two broad absorption bands near 730 nm and 920 nm. At longer wavelengths, an absorption feature is present near 1090 nm and there is an additional broad, intricate absorption feature between 1900 nm and 2500 nm. The reflectance shows maxima at 2250 nm and 2350 nm, which are followed by a reflectance decrease toward longer wavelengths with a shoulder at 2200 nm, and minima at 1910 nm, 1990 nm, and 2450 nm (Figure 7) .
The ferric iron absorption bands are approximately focused at 480 nm, 730 nm, 920 nm, and 1090 nm. However, their position cannot be precisely determined. The broadness of this feature is consistent with multiple, hydrated ferric iron phases such as goethite, feroxyhyte, and ferrihydrite [44, 45] . Strong ferric iron absorption bands are expected for weathering products of iron-rich materials such as basalt. The weathered surface spectrum is not as strongly affected by ferric iron absorption bands as the fresh spectrum. Relatively, a broad band is centered near 1090 nm, which shows the presence of ferrous rather than ferric iron in the fresh spectrum [37, 46] .
At longer wavelengths, the fresh and weathered surface spectra exhibit similar spectral features. All of these bands can be due to various hydrated mineral phases. The bands are relatively more intense in the weathered surface spectrum. The 1900 nm band is broad and shows a complex shape, which is consistent with multiple hydrated species and/or water adsorbed onto the surface of samples from a number of sites. Structural OH is probably present in only one or two sites, which may contribute to the sharpness of the 1400 nm feature. There is also a contribution of adsorbed water to this band; however, the relative abundances of the two types of water (bound water and structural water) cannot be determined. The 2200-2500 nm regions show strong absorption with discrete absorption features at 2200 nm, 2250 nm, 2350 nm, and 2450 nm, which are characteristics for Al-OH and Mg-OH. Both Al and Mg are present in basalts, and consequently this type of spectral behavior is expected in the weathered surface spectra. Although precise spectral matching is not feasible, mineral phases such as gibbsite, chlorite, and serpentine provide the best spectral matches to these bands. Overlaps and interferences of absorption bands occur in multicomponent mineral mixtures [47] , which makes it difficult to determine the relative contributions of each phase.
Spectral Features of Diorite
The diorite spectral reflectance curves show that the reflectivity of fresh surfaces is greater than that of weathered surface from 350 nm to 990 nm. In contrast, the reflectivity of fresh surfaces is larger than that of weathered surface from 990 nm to 2500 nm ( Figure 8a) .
As observed from the continuum removal diagram (Figure 8b) , there is an absorption edge near 390 nm, and the weathered surfaces have lower reflectance values than the fresh surfaces. A broad and symmetric band that appears in the 1000 nm region could be caused by Fe 2+ -Fe 3+ crystal field transitions on the weathered and fresh surfaces [48] . Broad hydroxyl bands are present near 1400 nm and 1900 nm. These bands are considerably stronger and broader than those of biotite and cordierite, suggesting the possibility of an optically significant weathered zone. A local reflectance peak is present at 2200 nm, followed by a decrease in reflectance with absorption features superimposed at 2250 nm, 2300 nm, 2380 nm, and 2450 nm. Cor- relation of these bands with specific minerals is hampered by the observation that different samples of the same mineral can have absorption bands at different wavelength positions and of different relative strengths [36, 37, [49] [50] [51] . The absorption bands in the sample spectrum appear to be caused by weathering products that consist of both Al-OH and Mg-OH absorption bands. This is supported by the observation that the lattice -OH bands are not very distinct and a certain degree of disorder must be present in weathered materials. As the differences between fresh and weathered surfaces are mainly related to spectra brightness and do not affect the intensity of the absorption features, the continuum removal curves for both weathered and fresh surfaces are similar. The fresh surfaces present a more pronounced slope, indicating the differences in iron oxide/hydroxide content between both surfaces.
Discussion
Depending on environmental agents (climate and topography) and lithology (mineralogical composition of the original rock), most exposed rock surfaces undergo a certain degree of alteration and/or weathering. In the West Junggar region, there are significant temperature variations and strong wind gradients. Most of the exposed rock formations in this region are covered with weathered layers of different degrees. These weathering processes alter the shape, overall reflectance values, and certain absorption characteristics of different rock types in arid and semi-arid environments.
Weathering processes result in the formation of new materials that differ both chemically and mechanically from the original parent rock [13, 42] . New materials formed by physical weathering will normally have a mineral composition similar to the parent rock. Some of the weathering products are less massive and less indurated, possessing much lower mechanical strength [16, 42] . The present study reveals that, for better spectral characterization, recognition and discrimination of lithological units are necessary, which is possible from remotely sensed data collected in the field. The spectral regions where fresh and weathered surfaces show spectral fluctuations can be used to better characterize and discriminate lithological units [48, 54] . This study demonstrates the spectral differences between weathered and fresh surfaces caused by mineralogical changes induced by weathering. The spectral characteristics and the continuum-removed spectral curves reveal that the features of the fresh and weathered surface differs to varying degrees. At high spectral resolution, differences are minimal for rhyolite, granite, and tuffaceous sandstone, but large for andesite, basalt, and diorite.
Spectra of fresh and weathered surfaces were surveyed and are discussed in terms of their differences in compositional and textural characteristics [13, 55, 56] . The most important differences observed between fresh and weathered surface spectra are related to (1) spectrum brightness, (2) presence and intensity of characteristic absorption features, and (3) the differences of slope in the 350 -2500 nm region [13, 22, 57] . The present study shows that spectral changes occur mainly in the 350-1000 nm and 1900-2500 nm regions.
In arid and semi-arid environments, the most common alteration phenomena are the formation of clays and iron oxide/hydroxides. The weathered sample spectra show numerous features typical of secondary weathering minerals, which are inconsistent with the underlying, more primary mineralogy. Even when the visible depth of weathering is less than a few hundred micrometers, secondary weathering minerals (mainly hematite and/or goethite) dominate the reflectance spectrum. In most of the ironrich samples, the visible-wavelength regions of the spectra for weathered samples are dominated by a change in the absorption features and slope of the spectra in the ferric iron absorption bands. Previous studies have also documented absorption features of rocks in the visible part of the reflectance spectra caused by the presence of different iron minerals [37, 58] , as well as various mixtures of ferric oxides/hydroxides and other minerals [44, [59] [60] [61] . Different ferric oxides are identified by their unique spectral properties such as an absorption edge near 530 nm (low reflectance below this wavelength), an absorption band or shoulder near 640 nm, and a strong absorption band between 860 and 980 nm. These features are attributable to crystal field transitions and the wavelength position of the latter band, which is the characteristic feature of a particular ferric iron-bearing mineral present rocks [17, 44, 58, 62, 63] . Studies of various ferric oxide mineral mixtures indicate that ferric minerals dominate the spectrum at shorter wavelengths of less than 1000 nm, while at longer wavelengths other minerals dominate the spectrum [42, 44, 60 ]. There appears to be a strong band in the 1000 nm region, which indicates that ferrous rather than ferric iron is present in the fresh spectrum of rocks such as tuffaceous sandstones (XM78) and basalts (XM04). This phenomenon may also be attributed to a secondary alteration of iron-rich minerals, similar to what has been observed in deeply weathered volcano-sedimentary rocks [16] .
In the short-wave infrared region (1000-2500 nm), reflectance spectra of clay minerals show a number of features that have also been documented in previous studies [3, 37, 51] . It is obvious that spectral features at 1000-2500 nm are due to O-H vibrations, features at 2200-2500 nm are solely due to hydroxyl groups, and the feature at 1900 nm is caused by thewater content of the rocks. When water is incorporated into the crystal lattice asstructural water bonded to Al-OH or Mg-OH, absorption bands are predictable to occur in the range of 1900 nm and 2500 nm [46, 47] .
The strongest Al-OH bands appear near 2200 nm, while Mg-OH bands are found near 2300 nm and 2350 nm. Mg-OH bands are most evident in many of the magnesium-rich samples (basalt and diorite), while most of the aluminum-and magnesium-deficient samples (granite) are devoid of resolvable Al-OH and Mg-OH bands. The appearance of Al-OH and Mg-OH absorption bands in exterior surface spectra is also correlated with the presence of appreciable concentrations of Al and Mg in the underlying lithology. Difficulties exist in the determination and discrimination of a particular weathering product because of the lack of unambiguous lattice-OH absorption features and overlaps by adjacent bands.
All spectra exhibit a number of characteristic absorption bands, with bound water resulting in absorption bands mainly near 1400 nm and 1900 nm, and structural water resulting in absorption bands near 1400 nm, 2200 nm, 2300 nm, and 2400 nm. The widths, intensities, and shapes of the 1400 nm and 1900 nm bands are related to the geometries of the sites occupied by water. Narrow and symmetric bands are characteristic of water molecules situated in one or a few well-ordered sites, while broad or complex bands correspond to disordered or multiple sites [36, 38] . In this discussion, we have not considered features located around 1400 nm and 1900 nm, as they are caused by atmospheric water absorbed by the samples.
The spectral differences presented in this paper include spectral slopes, the appearance/disappearance of absorption bands, shifts in absorption band minimum wavelength positions, and changes in band shape. The obtained results provide valuable information for the geological analysis of airborne long-wave hyperspectral imagery, as in the case of SEBASS and EO-1 Hyperion. Much of the analysis of hyperspectral data for geological applications is based on the detection and identification of absorption features and their intensities in a narrow band range [64] [65] [66] [67] . However, reflectance (brightness) and spectra slope differences can also be assessed by analysis of broad spectral bands as in the case of Landsat Thematic Mapper. For this reason, spectral differences between fresh and weathered surfaces were also examined for the ASTER and Landsat-TM bands by filtering the spectra for the relative spectral response of that sensor [68] [69] [70] .
In future studies, hyperspectral data from the spaceborne Earth Observing-1 (EO-1) Hyperion satellite may provide a more viable and reliable alternative to existing data. The high-resolution spectral and spatial data from Hyperion yield repeatable images of high quality, which may allow accurate mineral mapping at a large scale. Excluding those hyperspectral bands that are uncalibrated or disturbed by vapor, there are 196 unique channels for the visible and near-infrared (VNIR) bands and 77-224 for the short-wave infrared (SWIR) bands) available from Hyperion [71] [72] [73] . Thus, the Hyperion hyperspectral bands covering 426-926 nm (bands 8-57) and 1942-2385 nm (bands 179-223) match the wavelengths of iron oxides and hydroxides within the domains of 400-900 nm and 1900-2400 nm. In further studies, we will use highresolution spectral and spatial data from Hyperion.
On the other hand, multispectral remote sensing images have the potential for mineral mapping using broad bandwidths (low spectral resolution). For example, ASTER has 14 spectral bands covering visible (VIS) and nearinfrared (NIR) (bands 1-3), SWIR (bands 4-9), and thermal infrared TIR spectra (bands [10] [11] [12] [13] [14] . Thus, the wavelengths of iron oxides and hydroxides derived in the present study from VIS and NIR (400-900 nm) and SWIR (2000-2450 nm) show a close correlation with band 1 (520-600 nm), band 2 (630-690 nm), band 3 (780-860 nm), and SWIR band 5 (2145-2185 nm), band 6 (2185-2225 nm), band 7 (2235-2285 nm), band 8 (2295-2365 nm) and band 9 (2360-2430 nm) of ASTER, respectively [74] [75] [76] [77] [78] [79] . Especially the five SWIR bands correlate well with the wavelengths of hydroxides. Similarly, Landsat 8 OLI has nine spectral bands covering the VIS and NIR (bands 1-5), the SWIR (bands 6, 7, and 9), and panchromatic band (band 8) (70, 80, 81) . Therefore, in further studies, wavelengths of the blue band 1 (433-453 nm), band 2 (450-515 nm), band 3 (525-600 nm), band 4 (630-680 nm), band 5 (845-885 nm), and SWIR band 7 (2100-2300 nm) of Landsat 8 OLI can be utilized. The bands of these and other satellites closely match the wavelengths of iron oxides and hydroxides; however, their use has had limited success because of their low spatial and spectral resolutions.
With continuing development of hyperspectral and multispectral remote sensing techniques, mineral recognition has improved from approximate to detailed, qualitative to quantitative, and indirect to direct. In order to understand the behavior of a mineral spectrum, we must minimize or eliminate external influences on spectral information such as mineral particle size, geometrical vari-ations of optical sensor orientation, state of the mineral surface (desert varnish, overgrowths, etc.), and weathering effects (physical and chemical). In the near future, hyperspectral remote sensing technology can be used to better perform mineral recognition, differentiation of similar minerals, and analysis of mineral content and chemical composition.
Surface weathering produces coatings by adherence of wind-borne dust, cemented coatings, and attachment of particles on rock surfaces, which are importance keys for the interpretation of reflectance spectra.
Conclusions
Surfaces weathering of rocks in which mineral materials may be similar to or quite different from the minerals in the underlying parent rock completely control the reflectance spectra of the terrain. Analysis of these coatings is important for the application of reflectance spectra to geologic mapping. This study contributes ASD field spectral radiometer data, X-ray fluorescence analyses, and petrographic observations of weathered and fresh rock samples (rhyolite, andesite, granite, tuffaceous sandstone, basalt, and diorite) in Xiemisitai, Western Junggar region, Xinjiang. In arid and semi-arid environments, materials formed by weathering processes differ both chemically and mechanically from the original parent rock, and induce changes in the spectral features of fresh and weathered rock surfaces. These alterations include variations in overall spectral slope, appearance/disappearance of absorption bands, shifts absorption band at different wavelength positions, and changes in band shape. This paper presents spectral characteristics and continuum-removed spectral curves that indicate small spectral differences between weathered and fresh surfaces for rhyolite, granite, and tuffaceous sandstone, but large differences for andesite, basalt, and diorite. Spectral characteristics in the 350-1000 nm region are attributed to alteration of preexisting iron oxide minerals by atmospheric processes or secondary alteration of iron-rich minerals. In the short-wave infrared region, spectral features between 1000-2500 nm are due to O-H vibrations, with features at 2200-2500 nm solely caused by hydroxyl groups. The strongest Al-OH bands appear near 2200 nm, while Mg-OH bands are found near 2300 nm and 2350 nm. The presented spectroscopic results for fresh and weathered rock samples can be applied to better characterize and discriminate lithological units and to mineral mapping using hyperspectral and multispectral remote sensing images.
